In a fire situation, the temperature in which the ultimate limit state of the structural element is reached is called critical temperature. It is very laborious to determine it. The aim of this work was to create a graphical tool to allow quick determination of the critical temperature of I shaped columns and beams without local buckling. The method used was based on the Brazilian standard and using AcoInc software developed by the authors. The result was a tool whose similarity was not found in the literature. The use of the tool developed in this study simplifies the use of the standardized design method. One conclusion to be highlighted is one in which constants values of the critical temperature, generally accepted in practice, may be unsafe.
Introduction
Structural materials lose strength and modulus of elasticity with the increasing temperature in a fire. The Code of the Fire Department of the São Paulo State, 1 base of almost all the others States of Brazil, requires that all buildings have their structure verified for fire situation. In this work, a new calculation tool is presented to simplify this verification.
In the case of elements of steel structures, beams and columns, subject to uniform temperature in their volume, there is a temperature that leads them to collapse. This is called critical temperature.
For simplicity and also to avoid possible damage to the test furnace, in several parts of the world a fixed value for critical temperature is used. For example: 550 ºC based on LPS 1107, 2 550 ºC for columns and 620 ºC for beams supporting concrete based on ASFP, 3 538°C for columns and 593°C for beams based on ASTM E119, 4 500 °C in several parts of Europe based on European Country Specific Fire Safety Standards and Guidance Documents apud Jowsey 5 and 550 °C in Brazil. 6 Despite the easiness of adopting an invariable value, this practice leads to unrealistic results. The critical temperature depends on the load, the span and the dimensions of the structural element. The critical temperature can be determined for each case of structural composition, although it is laborious.
The objective of this work is to present an expeditious tool to determine the critical temperature of columns and beams with an I -shaped cross section for three types of steel.
ECCS 7 presents tables to determine the critical temperature just valid for columns, based on equations of outdated version of Eurocode 3, part 1-2 and limiting the relative slenderness index to 2.0.
Eurocode 3, part 1-2 8 presents an equation to determine the critical temperature, but without taking into account stability phenomena. Silva 6 presented graphics for critical temperature of columns using standards of that time. Silva 9 adapted these graphics using updated standards. In the present paper a new updated was done and was included graphics for beams, considering lateral torsional buckling.
It is unusual to see tools like presented herein. For example in the most recent books on structures in fire that refer to steel structures, i.e., Garlock, 10 Wang et al., 11 Vila Real, 12 Franssen et al., 13 Parkinson, 14 Franssen, 15 Skowronsky, 16 Vila Real 17 and Wang 18 nothing was found that look like the results presented herein.
Materials and Methods
We here considered that collapse is reached when the resistance is equal to the effect of the action, both in fire, i.e., when the structural element reached the Ultimate Limit State, as defined in standards.
Therefore, the critical temperature, for column or beam, can be determined by matching the design value of normal force (N fi,Sd for columns) and bending moment (M fi,Sd for beams) to their respective resistances (N fi,Rd and M fi,Rd ) in fire. The Brazilian standards provide the procedures for determining the resistance at room temperature (ABNT NBR 8800:2008, 19 
Critical temperature in compression
For doubly symmetric I profiles, without local buckling and at room temperature, Equation 1 is valid. (5) where k yθ is the reduction factor of the yield strength of steel in function of the temperature according to Table 1 : c fi is the reducing factor of resistance to normal force according to Equation 6 . In Equation 7, k Eθ is the reduction factor of the modulus of elasticity in function of the temperature, according to Table 1 .
From Equations 1 and 5, we derive Equation 8.
At the moment of collapse, as defined in 2.1, N fi,Rd = N fi,Ed , where N fi,Ed is the design value of the normal compressive force in a fire situation and the temperature is critical. Thus, we have Equation 9 . (9) Based on Equations 1, 2, 5, 6, 7 and Table 1 , and knowing the type of steel, the value of the critical temperature can be determined. In view of the obvious difficulty in obtaining θ cr handily, the authors developed software that allowed building the curves presented in Figure 1 . N Rd and λ o are already known, resulting from the design at room temperature. Hence, using the proposed graphical method, the θ cr of the column is calculated.
Three types of steels were chosen; their yield strengths are, respectively: f y = 250 MPa, f y = 300 MPa, and f y = 350 MPa.
Those values are the f y for most used steel in Brazil: ASTM A 36 (ASTM, 2014), 22 
Critical temperature in bending
Differently from the normal compression force, the bending moment resistance at room temperature is not presented by the Brazilian standard by means of a curve χ x λ o but M Rk x λ b according to Equation 10 , in which, by simplification, C b was considered unitary, with C b being the modification factor for a non-uniform bending moment diagram, according to the Brazilian standard. The authors made a change in the variables to reach the dimensionless relation χ FLT For the graphs, we used κ = 1, but for other values of κ, they can also be used with the following strategy: from θ cr determined with the graphs, we find the value of k y,q=qcr , then the new q cr is calculated from approximately k y,q = k y,θ=θcr /κ.
Software
The authors developed a piece of software. Macro features were used, employing Visual Basic for Applications programming language associated with the Excel software, making spreadsheets more agile.
The software builds graphs that allow, from some data, the expeditious graphical determination of the critical temperature based on Brazilian standards.
For input data, structural element (beam or column), type of steel (f yk ), relation between plastic (W pl ) and elastic (W el ) modulus for beams, h (for columns) or m (for beams), i.e., the relationship between effect of the design actions in fire and the resistance at room temperature as in Equations 17 and 18 and the relative slenderness index (l o ) at room temperature, the software builds the curve that will allow determining the critical temperature (17) (18) Care has been taken to facilitate using the curves. The effect of actions in fire is easy to calculate and the resistance as well as the relative slenderness should already be included in the calculation report of the structure at room temperature. The equation that allows determining the relative slenderness index λ o for columns at room temperature is provided according to Equation 4 .
For each profile, the software calculates the values of N Rd , M Rd , N fi,Rd and M fi,Rd . By adopting a load level m or h and depending on the relative slenderness index, it is possible to find a temperature to match N fi,Ed to N fi,Rd (for columns) or M fi,Ed to M fi,Rd (for beams).
Results and Discussion
The critical temperature can be obtained by means of the graphs of Figures 1-4 . In the construction of the graphs of Figures 2-4 , by simplification and for safety, C b was considered to be 1.
A constant value of the critical temperature, widely used in practice (see introduction of this paper), can be very different, depending on the structural situation.
Note that the graphs presented are valid for profiles that do not present local instability of the web and flange. In addition, relative slenderness in fire is increased by about 15%, which causes profiles with local slenderness values close to the limit at room temperature to be subject to local instability in a fire situation. In cases of local instability occurring at both ambient and fire temperatures, the curves shown may be used for pre-design.
Care should be taken in analysing these curves, since it seems paradoxical that all curves have a minimum point for values of slenderness between 1.0 and 1.5, which can lead to the false impression that the critical temperature increases if its relative slenderness index increases. This is explained when changing the value of λ 0 or λ 0,FLT, the buckling length is also changed and, consequently, the values of N Rd and h for columns and M Rd and m, for beams. That is, to analyse the behaviour of the bar, another curve must be used and this will lead to results consistent with the expected.
The bottoms of some lines are interrupted when reaching 100 °C. At this temperature, the values of k y,θ e k E,θ become unitary, i.e., there is no reduction of the properties of the steel.
In Figures 2 and 3 , graphs were presented for beams without lateral bracing.
In the case of non-composite beams continuously laterally braced by slabs, the solution is simplified by the absence of lateral torsional buckling, and the graph shown in Figure 4 is valid for any beam I without local and lateral buckling.
To build Figure 4 , we also considered that the average temperature is reduced due to the presence of the slab, according to the procedure recommended by ABNT NBR 14323: 2013, i.e., the design value of resistance to bending moment considering the thermal gradient along the height of the beam is 1.4 times the design value of the resistance to bending moment at uniform temperature. In Figure 4 , neither local buckling of flange or web were taken into account.
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It is important to highlight that the critical temperature based on the graphs may be less economical as compared to the results of analyses of structural subsets (for example: composite beams under composite slabs or columns close walls) that lead to non-uniform thermal fields. However, they would require complex computational or experimental analysis. Nevertheless, the critical temperatures found through the graphs can serve as pre-design.
Examples
To clarify the use of graphics, here are some examples. 
Conclusions
A piece of software was developed to determine the critical temperature of beams and columns and graphs for profiles not subject to local buckling, in function of the relative slenderness index at room temperature; also, the level of loading of the element in a fire was built. These graphs were built based on Brazilian Standards. Their part of fire steel design is based on Eurocode 3 part 1-2 (2005). 8 The tool here presented was not found in the researched literature. Constant values of the critical temperature, widely used in practice, can be very different, depending on the structural situation. At that time, it was necessary to create constant values, due to the lack of design standards and the difficulty of determining the critical temperature. With the current standards, it is possible to find the critical temperatures according to the structural system. The tool presented here will help in this determination.
The fire design, in which the critical temperature is compared to the steel temperature, base of the standardized methods, is greatly simplified if the graphs presented here are used.
The value of critical temperature based on the graphs may be less economical as compared to the results of analyses of structural subsets that lead to non-uniform thermal fields. However, they would require complex computational or experimental analysis. Nevertheless, the critical temperatures found through the graphs can serve as pre-design.
For future works, maintaining the objective of creating simple tools for using in design practice, the intention is to study more complex structures and to include the effects of local buckling. 
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